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Vps4 is a AAA ATPase that mediates endosomal
membrane protein sorting. It is also a host factor hi-
jacked by a diverse set of clinically important viruses,
including HIV and Ebola, to facilitate viral budding.
Here we present the three-dimensional structure of
the hydrolysis-defective Vps4pE233Q mutant. Single-
particle analysis, multiangle laser light scattering,
and the docking of independently determined atomic
models of Vps4 monomers reveal a complex with C6
point symmetry, distinguishing between a range of
previously suggested oligomeric states (8–14 sub-
units). The 3D reconstruction also reveals a tail-
to-tail subunit organization between the two rings of
the complex and identifies the location of domains
critical to complex assembly and interaction with
partner proteins. Our refined Vps4 structure is better
supported by independent lines of evidence than
those previously proposed, and provides insights
into the mechanism of endosomal membrane protein
sorting and viral envelope budding.
INTRODUCTION
The vacuolar protein sorting 4 (Vps4) protein is a member of
the AAA (ATPase associated with a variety of cellular activities)
ATPase family, a newly recognized subfamily of the P loop
ATPase superfamily (White and Lauring, 2007). Many important
cellular processes including DNA replication, nuclear-cyto-
plasmic transport, organelle biogenesis, vesicular trafficking,
protein degradation, and oncogenic transformation rely on one
or more members of the AAA ATPase subfamily (Erzberger and
Berger, 2006; White and Lauring, 2007). Other prominent exam-
ples of AAA ATPases include the membrane fusion protein
Cdc48/VCP/VAT/p97 (Huyton et al., 2003; Zhang et al., 2000),
the vesicle transport protein NEM-sensitive fusion protein (NSF)Structure 17, 4(Lenzen et al., 1998), and the microtubule-severing, hereditary
spastic paraplegia protein spastin (Roll-Mecak and Vale, 2008).
The defining feature of AAA ATPases is a conserved AAA
domain in which the ATP catalytic site resides (Erzberger and
Berger, 2006; White and Lauring, 2007). AAA ATPases are clas-
sified as either type I or type II, depending on whether they carry
one or two copies of this conserved domain. In the presence of
nucleotide, the AAA domain drives assembly into multimeric
rings usually (but not always) composed of six subunits (Vale,
2000). Vps4 is an important member of the type I subgroup
and is highly conserved in both amino acid sequence and func-
tion from lower through to higher eukaryotes (Scheuring et al.,
2001). Throughout these systems it controls the fate of endocy-
tosed receptors. More specifically, within the endosomal
machinery, it sorts receptors between a recycling pathway
leading back to the cell surface and an alternative pathway
leading to degradation in the vacuole/lysosome. Vps4 mediates
sorting via its ability to drive the budding and fission of small
membrane vesicles carrying internalized receptors into the
endosome lumen (Odorizzi et al., 1998; Sachse et al., 2004).
Vps4 also plays a role in the delivery of newly synthesized hydro-
lases to the vacuole/lysosome (Babst et al., 1998; Finken-Eigen
et al., 1997; Fujita et al., 2004; Munn and Riezman, 1994; Zahn
et al., 2001).
Vps4 is also a host factor essential for the transmission of
a diverse set of clinically important viruses including HIV and
Ebola (Licata et al., 2003; Morita and Sundquist, 2004). These
enveloped viruses have evolved the ability to hijack and utilize
the Vps4-mediated endosomal sorting process to facilitate the
budding of viral envelopes from infected cells (Morita and Sund-
quist, 2004). This mechanism allows release of the virus from the
cell surface and subsequent transmission to other hosts. In
conjunction with the recent finding that downregulation of
Vps4 in vivo protects mice from a lethal Ebola virus challenge
(Silvestri et al., 2007), this suggests that Vps4 may be an impor-
tant antiviral target.
Recombinant, wild-type Vps4 is predominantly dimeric
in vitro. However, mutations that lock the enzyme in an ATP-
bound state (e.g., the E233Qmutation in the AAA domain) induce
the formation of higher-order Vps4 oligomers in the presence of27–437, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 427
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Vps4 transiently forms oligomers during the ATP hydrolysis cycle
in vivo (Azmi et al., 2006; Babst et al., 1998; Scott et al., 2005a;
Stuchell-Brereton et al., 2007; Vajjhala et al., 2006; Xiao et al.,
2007, 2008). Despite the critical role of Vps4 in endosomal sort-
ing and viral budding, an atomic model of the Vps4 complex that
drives these processes has not yet been solved.
In contrast to the oligomeric form of Vps4, the atomic struc-
tures of both yeast and human Vps4 monomers have been
solved by X-ray crystallography (Scott et al., 2005a; Xiao et al.,
2007). In both structures, the AAA domain comprises two subdo-
mains, the a helix/b sheet-rich ‘‘large AAA subdomain’’ and the
mostly a-helical ‘‘small AAA subdomain.’’ In addition, a three-
stranded b sheet (the b domain), unique to Vps4 among AAA
ATPases, projects from the small AAA subdomain and is
reported to play a role in oligomerization (Azmi et al., 2006; Scott
et al., 2005a; Vajjhala et al., 2006; Xiao et al., 2007). The
N-terminal region of Vps4 is poorly structured in both crystals,
but has been characterized by NMR (Scott et al., 2005b; Stu-
chell-Brereton et al., 2007). It contains an independently folded
a-helical microtubule interaction and trafficking (MIT) domain,
which is also found in other members of the AAA ATPase family
(Babst et al., 1998; Ciccarelli et al., 2003; Stuchell-Brereton et al.,
2007; Vajjhala et al., 2007). The MIT domain of Vps4 reportedly
mediates binding to ESCRT-III and Did2p (Stuchell-Brereton
et al., 2007; Vajjhala et al., 2007; Yeo et al., 2003). In the case
of yeast and human Vps4, theMIT domain also facilitates recruit-
ment to endosomes (Babst et al., 1998; Stuchell-Brereton et al.,
2007; Vajjhala et al., 2007). The C-terminal region of Vps4
contains a short a helix (C helix), which has a role in oligomeriza-
tion that is at least partially independent of the b domain (Vajjhala
et al., 2008).
Recently, two independent 3D reconstructions of oligomeric
Vps4 complexes were reported (Hartmann et al., 2008; Yu
et al., 2008). Significantly, they disagree in both point symmetry
(C6 and C7) and subunit arrangement. More importantly, neither
structure fully explains the existing biochemical, genetic, and cell
biology data pertaining to Vps4 function. For example, at the
resolution of 25–38 A˚ reported, Yu et al. (2008) did not resolve
individual subdomains, preventing interpretation of subdomain
function and interaction with other known binding partners
such as Vta1 and ESCRT-III. In contrast, Hartmann et al. (2008)
reported an apparently higher-resolution structure but presented
a dimerization interface completely independent of the b domain
and C-terminal helix, both of which have been shown to be
critical to oligomeric Vps4 assembly (Vajjhala et al., 2006, 2008).
From the above it is clear that an improved structure of Vps4 is
needed. Here we present a refined 3D structure of a full-length
yeast Vps4 oligomer carrying the E233Q mutation (Vps4pE233Q)
that is locked in an ATP-bound state. The final model of this
12-subunit complex is supported by a detailed symmetry anal-
ysis of 2D projection images, molecular mass determinations
from size-exclusion chromatography (SEC), andmultiangle laser
light scattering (MALLS), as well as the docking of independently
determined atomic models of Vps4 monomers and hexameric
rings into our single-particle 3D reconstruction. Most impor-
tantly, the integrity of the model is confirmed by validation
against a range of biophysical, biochemical, genetic, and cell
biology studies.428 Structure 17, 427–437, March 11, 2009 ª2009 Elsevier Ltd All rigRESULTS
Stoichiometry of the ATP-Induced Vps4pE233Q Oligomer
Vps4pE233Q binds but cannot hydrolyze ATP, and is therefore
locked in an ATP-bound conformation thought to be adopted
transiently by wild-type Vps4p during in vivo ATP hydrolysis.
Numerous attempts to establish the stoichiometry of Vps4
oligomers by biochemical methods have yielded differing results
ranging from 8 to 14 subunits. For example, SEC analysis of ATP-
bound Vps4pE233Q complexes has yielded a range of molecular
mass estimates (350–540 kDa) indicative of complexes
composed of 8–12 subunits (Azmi et al., 2006; Babst et al.,
1998; Scott et al., 2005a; Vajjhala et al., 2008). Gel-shift cross-
linking experiments suggest that Vps4pE233Q is a decamer in
the presence of ATP (Babst et al., 1998), whereas sedimentation
equilibrium analysis has failed to yield a definitive result (Scott
et al., 2005a). The C6 and C7 symmetry models of the full-length
and N-terminally truncated Vps4p complexes recently solved by
single-particle analysis have 12 and 14 subunits per complex
(Hartmann et al., 2008; Yu et al., 2008). The full-length 63His-
Vps4pE233Q used in this study (Figure 1A) has a monomer molec-
ular mass of 48.99 kDa. Based on their elution position when
subjected to SEC (Figure 1B), we estimated the molecular
masses of the nucleotide-bound and nucleotide-free complexes
of Vps4pE233Q to be 550 and 95 kDa, respectively. This suggests
that, under the conditions tested here, Vps4pE233Q alternates
between a dimeric (97.98 kDa) and either an undecameric
(538.9 kDa) or dodecameric (587.8 kDa) complex. It should be
noted, however, that SEC relies on calibration against ‘‘standard
proteins’’ for the estimation of molecular mass and is therefore
prone to inaccuracy (typically 10%–20%).
We used MALLS analysis to unequivocally determine the stoi-
chiometry of ATP-bound Vps4pE233Q. This technique is reported
to have an accuracy of5% and determines absolute molecular
mass (i.e., without reference to standards or calibration samples)
based on the relationship between molecular mass, solute
concentration, and the angle and quantity of scattered light
(Folta-Stogniew andWilliams, 1999). We subjected the ‘‘95 kDa’’
and ‘‘550 kDa’’ peaks resolved by SEC (Figure 1B) to an indepen-
dent MALLSmolecular mass determination and established that
in the absence of ATP, Vps4pE233Q forms a complex with anMr of
96.6 (±2.0) kDa (Figure 1C). In the presence of ATP, a complex
with anMr of 556 (±33) kDa is formed (Figure 1D), corresponding
to 11.35 (±0.68) times the theoretical monomer molecular mass.
This excludes the possibility that Vps4 forms complexes consist-
ing of 8, 9, 10, 13, or 14 subunits. However, the experimentally
determined Mr of 556 (±33) kDa overlaps the theoretical Mr of
the undecameric (538.9 kDa) and dodecameric (587.8 kDa)
complexes. Given that Vps4E233Q dimers were abundant (Fig-
ures 1B and 1C) while monomers were conspicuously absent,
our data suggest that a 12-subunit complex (rather than 11) is
the most likely quaternary structure. Either way, it does not
support a 14-subunit structure.
Single-Particle Analysis of the Vps4pE233Q Complex
To resolve the 3D structure of the ATP-bound Vps4pE233Q, 8590
negatively stained projection images (Figure 2A) were aligned
and merged by single-particle analysis. Reference-free classifi-
cation of single particles based on their angular spectra identifiedhts reserved
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orientation and exhibited a clear peak at the sixth angular
harmonic (Figure 2B). Alignment of the particleswithin this cluster
by maximum likelihood analysis yields reference-free class aver-
ages which confirm the six-fold symmetry of the complex
(Figures 2C and 2D). We also analyzed a cluster of 185 images
Figure 1. Biophysical Characterization of Vps4pE233Q
(A) SDS-PAGE analysis of induced E. coli cell lysate (left lane) and purified
recombinant 63His-Vps4pE233Q (middle lane). The right lane is identical to
the middle lane, with 53 greater loading to illustrate sample purity. The posi-
tion of 63His-Vps4pE233Q is indicated by the arrowhead.
(B) The elution positions of the Vps4pE233Q complexes in the absence (solid
line) and presence (dashed line) of ATP are indicated by arrows on the SEC
traces. Dotted vertical lines indicate the elution position of the standard
proteins (listed from earliest to latest eluting) thyroglobulin (670 kDa), bovine
g-globulin (158 kDa), ovalbumin (44 kDa), and myoglobin (17 kDa).
(C and D) MALLS analysis of Vps4pE233Q complexes formed in nucleotide-free
buffer (C) and buffer containing 1 mM ATP (D). Mean square radius plots
(secondary axes, gray) indicate that the peaks are monodisperse. The molec-
ular mass calculated for each peak is indicated.Structure 17, 4with apeakat theseventh angular harmonic (Figure 2E) and found
that even this cluster, containing the most seven-fold symmetric
particles, yielded class averages also indicating a six-membered
ring structure (Figure 2F, see legend for details).
Subsequent single-particle analysis yielded a final model
incorporating 6018 particles sorted into 340 class averages
with an angular spacing of 2. A selection of particle projection
images (Figure 3A), corresponding class averages (Figure 3B),
reference projections (Figure 3C), and surface-rendered views
(Figure 3D) are shown. The correlation between projections
and class averages indicates that the class averages are repre-
sentative of the raw data, whereas the correlation between
density distributions in the class averages and reference projec-
tions demonstrates that the 3D model is self-consistent. Using
Fourier neighbor correlation as implemented in the program
Rmeasure (Sousa and Grigorieff, 2007), the resolution of the final
model was estimated to be 23 A˚ (0.5 cutoff). For the purpose of
comparison to the preexisting reconstructions of oligomeric
Vps4, we also evaluated our reconstruction based on the
0.5 Fourier shell correlation (FSC) criteria of a standard even/
odd test and arrived at an estimate of 18.3 A˚ (Figure 3F).
Our 3D reconstruction of Vps4pE233Q reveals a complex con-
sisting of two distinct ring structures, each having six-fold rota-
tional symmetry (Figures 4A–4D). Initial reference-free class
averages indicated asymmetry between the two rings (see
Figure S1 available online), justifying our decision to impose C6
rather than D6 point symmetry. In the final model, the lower
ring exhibits amore planar conformation than the upper ring (Fig-
ure 4B). Six rod-shaped densities line a cage connecting the two
rings of the complex (Figure 4D). The complex has a diameter of
140 A˚ and a height of115 A˚. The lower ring features a pore of
30 A˚ inner diameter (Figure 4C), while the upper ring has a cavity
of similar dimensions which at this resolution is blocked by a thin
density. Finally, six disconnected but nonetheless stable densi-
ties are observed protruding from the bottom of the lower ring.
Our combined SEC, MALLS, and single-particle analyses
therefore strongly support the conclusion that full-length
Vps4pE233Q forms a structure with C6 symmetry consisting of
12 subunits.
Domain Arrangement of Vps4pE233Q Revealed by
Combined HomologyModeling and ElectronMicroscopy
To investigate the structural basis of Vps4p oligomerization, an
independent atomic model of the Vps4p hexameric ring was
calculated for comparison with our stain envelope calculated
by single-particle reconstruction. For this purpose, the 3D struc-
ture of monomeric yeast Vps4pDMIT was predicted by homology
modeling based on the 3D crystal structure of the human Vps4B
enzyme (Protein Data Bank [PDB] ID code 1XW1; Scott et al.,
2005a), which shares 58% amino acid sequence identity to the
yeast enzyme Vps4p. The structures were predicted to be largely
conserved, with the exception of the loop connecting b strands 6
and 7 which is six residues shorter in Vps4p and was modeled
from a loop database. Six copies of Vps4pDMIT were then aligned
to the X-ray crystallographic ring structure of the murine p97 D1
domain hexamer (PDB ID code 1E32; Zhang et al., 2000). p97
has a high sequence homology to Vps4p, particularly in the
core AAA domain of the D1 ring, and has been used previously
to model the ring structure of human Vps4B (Scott et al., 2005a).27–437, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 429
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modeled Vps4pDMIT hexamer into the top and bottom halves of
our single-particle reconstruction (Figures 4E–4H). In both
instances, a significantly better fit was obtained by orienting
the rings with their C helices (colored green) facing inward.
This indicates a tail-to-tail arrangement of the two rings is their
preferred orientation. In addition, we attempted to model the
ring into the equivalent 3D reconstruction of inverted handed-
ness and found that the handedness as initially solved (as shown
in Figure 4) gave the best fit.
The models described above were fitted as static structures,
and we observed that some regions of the Vps4DMIT hexamers
protruded from the electron density shell (Figures 4E–4H). Impor-
tantly, these regions, namely the small AAA subdomain of the
lower ring (dark blue, Figure 4E), and the b domains (red, Figures
4E–4G) and C helices (green, Figure 4H) of both rings, are
Figure 2. TEM Analysis of Vps4pE233Q
(A) Field of negatively stained particles of 63His-
Vps4pE233Q.
(B) Classification of particles according to their
rotational power spectra using XMIPP identified
a cluster of 413 images with a clear peak at the
sixth angular harmonic, indicative of six-fold
symmetry.
(C–G) Nonsymmetrized (C) and symmetrized (D)
reference-free class averages generated from
this cluster show six subunits (indicated by aster-
isks), providing additional confirmation of the
six-fold symmetry. A cluster of 185 particles with
a peak at the seventh angular harmonic was also
identified (E). Visual inspection of the class average
shown (F) indicates that the peak is not due to true
seven-fold symmetry, a conclusion confirmed by
the finding that imposing seven-fold symmetry
(G) yields an artifactual average, rather than rein-
forcement of ‘‘true’’ structural motifs that would
be expected from symmetrization of a true C7 or
D7 object. Visual inspection of (C) and (F) reveals
that the views are structurally related, suggesting
the pseudo-seven-fold symmetry observed in (F)
results from tilting of the six-fold symmetric Vps4
complex. The scale bars in (D) and (G) represent
10 nm.
thought to be conformationally flexible.
With regard to the b domain, a recent X-
ray crystallographic study of monomeric
Vps4p (subsequent to our homology
modeling) has revealed that nucleotide
binding induces a significant en bloc
rotation of the small AAA subdomains
and more so the b domain about two
hinge points in the protein (Xiao et al.,
2007). A rotation of 11 about the first
hinge and 18 about the second is
reported upon ADP binding, and in addi-
tion it has been suggested that binding
of ATP induces even greater motion
(Xiao et al., 2007). Significantly, the root-
mean-square deviation of our homology
model with the X-ray structure is 1.534 A˚ and the predicted
conformational rearrangement of the b domains not only fills
the density envelope more completely (red densities, Figure 5A)
but better positions the b domains for formation of a 2:1 complex
with Vta1p (Figure 5B; Yu et al., 2008). The C-terminal helix,
which is covalently attached at only one end, may also be
capable of conformational rearrangement upon oligomerization
(discussed in more detail below).
Structure-Function Evaluation of the Model
The overall dimensions of our structure are similar to single-
particle structures of NSF, VAT, and p97 (Furst et al., 2003;
Rockel et al., 2002; Zhang et al., 2000). The external dimensions
(but not the reported molecular organization) are also similar to
two other recently reported Vps4p 3D reconstructions (Hart-
mann et al., 2008; Yu et al., 2008). The structure of Vps4E233Q430 Structure 17, 427–437, March 11, 2009 ª2009 Elsevier Ltd All rights reserved
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Three-Dimensional Structure of the Vps4p OligomerFigure 3. Single-Particle Analysis of Vps4pE233Q
(A–D) A selection of single particles (A), corresponding class averages (B),
reference reprojections (C), and corresponding 3D surface-rendered views
(D) of the model. The scale bar for (A)–(C) represents 10 nm.
(E) Particle distribution within the asymmetric triangle. Each circle represents
a class average and the grayscale correlates with the number of particles in
each class, where lighter shading indicates classes with the most particles
and darker shading indicates classes with the least particles.Structure 17, 4reported here shows the two, six-fold rings positioned in a tail-
to-tail orientation. Interestingly, this subunit arrangement not
only differs from other type I ATPases, which typically form
a single-ring structure (Erzberger and Berger, 2006; Roll-Mecak
and Vale, 2008), but also from type II AAA ATPases, which typi-
cally consist of two rings covalently linked in a head-to-tail
arrangement (Erzberger and Berger, 2006; Huyton et al., 2003).
Based on our atomic models, the rings are rotated8 relative
to one another about the central six-fold axis (with respect to the
core AAA domains). The top ring does not appear as planar as
the bottom ring (Figure 4B). This could be explained by the fact
that AAA ring complexes are thought to drive a ‘‘ratchet’’ mech-
anism, where binding and hydrolysis of ATP by AAA ATPases in
one ring causes a rotation with respect to the other ring, inducing
one half of the structure to adopt a more ‘‘open’’ conformation
(Zhang et al., 2000). It is unknown what stage of the Vps4 cata-
lytic mechanism is represented by our ATP-bound structure. In
a parallel experiment, we evaluated the heterogeneity of our
data set using EMAN’s multirefine command (Brink et al.,
2004). Five different Gaussian ‘‘blobs’’ were chosen as starting
models, four of which refined to structures that were qualitatively
similar to the final structure reported here (data not shown). Inter-
estingly, the fifthmodel refined to a different structural conforma-
tion, whichmay represent an unstable refinement intermediate. It
is equally possible, however, that this model represents a
different structural conformation which could be rationalized by
a further opening and elongation of one of the six-fold rings of
the assembly. Particles which contributed to the elongated
structure were excluded prior to arriving at the ‘‘clean’’ data
set of 8590 particles to improve data set homogeneity; however,
the number of particles excluded was not sufficient to allow
a separate reconstruction, and thus the validity of this differing
model was not investigated further.
b Domain- and C Helix-Mediated Dimerization
Sequence alignments show that the b domain, an insertion within
the small AAA subdomain of Vps4 proteins, is unique to Vps4p
and its homologs among members of the AAA ATPase family.
We have previously shown through both biophysical and
biochemical means that deletions in the Vps4p b domain disrupt
dimerization and ring assembly (Vajjhala et al., 2006, 2008). It is
therefore thought that the b domains (Figure 5A) link two copies
of the type I AAA ATPase molecules into a stable dimer
(Figure 1C). This mechanism effectively mimics the two cova-
lently bound AAA domains of type II AAA ATPases. The close
proximity of the b domains on opposing rings in our 3D structure
is entirely consistent with this hypothesis (red densities, Figures
5A and 5B). Moreover, yeast, plant, and mammalian Vps4
proteins interact via their b domains with the assembly protein
Vta1p (also known as SBP1/LIP5/DRG1). Vta1p homologs
have a conserved role in endosomal trafficking and membrane
protein sorting (Azmi et al., 2006; Fujita et al., 2004; Xiao et al.,
2008; Yeo et al., 2003). In addition, Vta1p is a Vps4 assembly
factor able to (at least partially) compensate for C helix deletions
which otherwise prevent dimerization (Vajjhala et al., 2008). The
(F) FSC analysis of a standard even/odd test performed in EMAN indicates
a resolution of 18.3 A˚ according to the 0.5 similarity criterion (Rmeasure yielded
a resolution estimate of 23 A˚ at the 0.5 cutoff).27–437, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 431
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(A–C) Dimensions of the complex are shown in surface-rendered top (A), side (B), and base (C) views of the final model. The model has been thresholded to
a volume of 6.965 3 105 A˚3, which corresponds to a molecular mass of 588 kDa, assuming a protein density of 0.844 Da/A˚3.
(D) A cross-sectional view through the side of the structure shows the inner cage lined by rod-shaped densities.
(E–H) A cross-sectional view of the top ring (E), a side view (F), and cross-sectional views of the bottom ring (G) and through the side of the complex (H) show the
fitting of homology models of Vps4pDMIT hexameric rings to the electron density envelope of the single-particle reconstruction. Parts of the model which protrude
from the single-particle density map are circled. In the atomic model, the large AAA subdomain is colored light blue, the small AAA subdomain is colored dark
blue, C helices are green, and the b domains are red.localization of the b domain at the outer lobes of the ring and in
close proximity to the crossring interface explains their ability
to bind to extrinsic proteins and facilitate Vta1p-mediated dimer-
ization (Figures 5B and 6).
Whereas the b domain is unique to Vps4 and its orthologs, the
C-terminal helix of Vps4p is conserved in almost all meiotic clade
AAA ATPases (Scott et al., 2005a; Vajjhala et al., 2008). Until
recently, though, the functional relevance of this short motif
was unknown. Structural studies of monomeric human Vps4B
(Scott et al., 2005a) provoked speculation that the C-terminal
helix of Vps4 proteins is involved in crossring dimerization.
Biophysical evidence supporting this hypothesis proved elusive
until recently, when we demonstrated that the deletion of short
motifs in the C helix of Vps4p blocked dimer formation in vitro
(Vajjhala et al., 2008). Our 3D structure of oligomeric Vps4p to
our knowledge provides the first structural evidence supporting
this role for the C-terminal helix in stabilizing crossring dimeriza-
tion. Six rod-shaped densities are clearly visible in our structure,
connecting the two ATPase rings (green densities, Figure 5C).
Indeed, these densities are the only points of contact between
the two halves of the structure, and are not visible in the less
refined structures determined previously (Hartmann et al.,
2008; Yu et al., 2008). The six rod-like densities protrude inward
from each ring, close to the N-terminal end of the predicted C
helix position based on homology modeling (green, Figures 5D
and 5E). Taken together with previous biophysical evidence
(Vajjhala et al., 2008), it is therefore likely that these densities indi-432 Structure 17, 427–437, March 11, 2009 ª2009 Elsevier Ltd All rigcate a conformational rearrangement of the C helix of Vps4p.
This rearrangement would stabilize crossring dimerization
through a helix-helix interaction between adjacent Vps4p
subunits (one from each ring). The existence of only six rods
further suggests that each rod represents a helix pair. Interest-
ingly in this regard, analysis of the C helix of Vps4p revealed
that residues Leu422, Glu426, Thr429, and Arg430 scored highly
when the sequence was evaluated for propensity to form helix-
helix pairs (Hildebrand et al., 2006). An alanine scan of charged
C helix residues (Scott et al., 2005a) identified that mutation of
the Glu246/Arg430 motif does not disrupt dimerization. Impor-
tantly, however, the Leu422/Thr429 motif was not evaluated in
this mutational analysis screen. It is therefore possible that the
Leu422/Thr429 face of the C helix (Figure 5F) constitutes a
helix-helix dimerization interface.
The MIT Domain
Vps4 is known to engage in a number of important protein interac-
tions. The MIT domains of mammalian, plant, and yeast Vps4
proteins interactwith chromatinmodifying protein 1/chargedmul-
tivesicular body protein 1 (CHMP1; Did2p in yeast), which has
a conserved role in endosomal trafficking and membrane protein
sorting in yeast, plants, and mammals. CHMP1 has additional
roles in transcriptional gene silencing during development in
plants and mammals. It has been shown that the Vps4p MIT
domain also interacts with several other endosomal trafficking
and membrane protein sorting proteins including Vps2, Vps20,hts reserved
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Three-Dimensional Structure of the Vps4p OligomerandSnf7/Vps32 (Scott etal., 2005b;Vajjhalaetal., 2007;Yeoetal.,
2003). All of these interactions are conserved in mammals (Fujita
et al., 2004; Stuchell-Brereton et al., 2007), where they may be
important for Vps4-mediated disassembly of ESCRT complexes
critical to the process of vesicle budding and fission (Figure 6).
In our 3D reconstruction, we identified unoccupied densities at
the outer and lower surfaces of the bottom ring (yellow densities,
Figure 5. Subunit Positioning within the Vps4pE233Q
Complex
(A and B) The b domains (red densities) map to the periphery of
the ring (A), consistent with a role involving interaction with the
assembly factor Vta1p (B).
(C–E) The C helices are proposed to undergo conformational
rearrangement, forming intermolecular helix pairs (green
densities) which connect the two catalytic ring structures.
Magnified views of the top (D) and bottom (E) rings of the
EM map, each viewed outward from the ring interface, show
that the position of the C helices predicted by homology
modeling (green) places the N-terminal ends of each of the
helices close to the rod-shaped densities.
(F) A model for intermolecular helix-helix pair formation. Resi-
dues Leu422 and Thr429, which are predicted to be important
in forming helix-helix contacts, are rendered as surfaces.
(G) Unoccupied densities (yellow) at the outer edge of the
lower ring and at the top and bottom of the upper and lower
rings, respectively, are attributed to alternative locations of
the MIT domain.
Figure 5G). Given that the MIT domain is the only
domain missing from our Vps4pDMIT homology
model, we conclude that these densities are likely
to correspond to two conformationally discrete
states, each partially occupied by the flexible MIT
domain. A similar but less pronounced switching
action is observed in the upper ring (arrows, Figure 5G). The loca-
tion of these densities on the surface of the model is consistent
with the role of theMITdomain inbinding extrinsic proteins during
endosomal sorting (Figure 6). The location of the MIT domain
beneath the pore of the lower ring is consistent with the proposed
role of this domain in feeding complexes into the pore opening
(Scott et al., 2005b;Stuchell-Brereton et al., 2007;Yuet al., 2008).
Figure 6. Mechanistic Model for the Role
of Transiently Formed Vps4 Dodecameric
Complexes in Viral and Endosomal
Membrane Budding and Fission
(1) ESCRT-III and other complexes promote the
initial stagesofmembranebuddingandrecruitment
of cargo to nascent vesicles (Babst et al., 2002).
(2) Vta1 facilitates concentration-dependent Vps4
dimerizationvia interactionwith theVps4bdomains
(Azmi et al., 2006; Scott et al., 2005a; Vajjhala et al.,
2006; Xiao et al., 2008; Yeo et al., 2003).
(3) The dimer is stabilized by C-terminal helix-helix
interaction (Vajjhala et al., 2008).
(4) ATP binding promotes ring formation (Babst
et al., 1998; Scott et al., 2005a; Vajjhala et al.,
2008; Xiao et al., 2007, 2008).
(5) The assembled Vps4 complex binds to ESCRT-
III components through its flexible MIT domain and
promotes dissociation of the ESCRT-III complex
from themembrane (Babst et al., 1998, 2002; Scott
et al., 2005b;Stuchell-Breretonet al., 2007;Vajjhala
et al., 2007; Yeo et al., 2003).
(6) ATP hydrolysis is accompanied by dissociation of the Vps4/Vta1/ESCRT-III component cocomplex in the cytoplasm.
(7) Release of the ESCRT-III components from the membrane allows fission of the nascent vesicle (Babst et al., 2002; Odorizzi et al., 1998; Sachse et al., 2004).
Mutant Vps4 complexes (e.g., lacking a functional b domain or C helix) are unable to assemble at points 2 and 3 (Babst et al., 1998; Vajjhala et al., 2006, 2008),
with the result that ESCRT-III accumulates on the membrane, thereby prohibiting vesicle budding (Babst et al., 2002; Odorizzi et al., 1998).
To emphasize the role of Vps4, other components of this figure are not drawn to scale.Structure 17, 427–437, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 433
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The sorting of membrane proteins in endosomes is one of the
most central processes in cell biology, and is driven by an AAA
ATPase, Vps4. The underlying molecular mechanism of this
process, however, is unclear.Herewepresent themost complete
3D structural analysis of the ATP-induced Vps4p oligomer. Our
combined SEC,MALLS, single-particle, andmolecular modeling
analyses strongly support the hypothesis that upon incubation
with ATP, Vps4pE233Q dimers assemble into a dodecameric
complex consisting of two stacked, hexameric rings. Indeed,
six-fold symmetry has been observed in the structures of several
AAA ATPases including p97, NSF, and spastin (Huyton et al.,
2003; Lenzen et al., 1998; Roll-Mecak and Vale, 2008; Zhang
et al., 2000). Moreover, the ATP-dependent formation of a hex-
americ ring is consistent with an intersubunit catalytic mecha-
nism of ATP hydrolysis which we have recently demonstrated
for Vps4p (Vajjhala et al., 2008) and which is typical of other
AAA ATPases (Wang et al., 2005; Yakushiji et al., 2006). Further-
more, we do not detect Vps4pE233Q as a monomer under any of
the conditions tested, in agreement with previous reports
showing that Vps4pE233Q is a dimer in the nucleotide-free state
(Babst et al., 1998; Scott et al., 2005a; Vajjhala et al., 2008).
However, it has recently been proposed that wild-type Vps4
exists in a monomeric ‘‘ground state’’ (Xiao et al., 2007). SEC
analysis of lysates from mammalian cells expressing endoge-
nous levels of Vps4B also indicated that it exists as a monomer
at low concentrations (Fujita et al., 2004). We therefore surmise
that wild-type Vps4 may exist as a monomer that subsequently
dimerizes, perhaps at high concentrations of protein (e.g., as
the protein is recruited to endosomes) and that the dimers further
assemble into two-stacked hexameric rings in the presence of
ATP (Figure 6).
Two recent publications have presented structures of nucleo-
tide-bound Vps4p higher-order complexes determined by
single-particle analysis. Significantly, these papers disagree on
both point symmetry of the complex (C6 versus C7) and molec-
ular arrangement (Hartmann et al., 2008; Yu et al., 2008). Our full-
length Vps4pE233Q structure was determined by single-particle
analysis of images obtained by negative-stain transmission elec-
tron microscopy (TEM). In contrast, Yu et al. (2008) recently re-
ported the structure of a glutaraldehyde-crosslinked Vps4pE233Q
complex imaged in vitreous ice, having established that the non-
crosslinked complex was unstable under cryo conditions. We
observed the same instability under vitreous ice conditions
(data not shown). We found, however, that the noncrosslinked
complex was stable under the negative-stain conditions used
for our structural studies, allowing us to calculate a 3D recon-
struction from a final total of 6018 projection images (corre-
sponding to 55,000 extra asymmetric units). This represents
a significant improvement on the full-length Vps4pE233Q reported
by Yu et al., which is less well resolved and was built from only
1506 projection images.
In a separate study, Hartmann et al. (2008) described the
structure of a tetradecamer (C7 symmetry) of an N-terminally
truncated form of wild-type Vps4p (i.e., not carrying the E233Q
mutation) in complex with the nonhydrolyzable ATP analog
AMP-PNP. Reportedly, all attempts to produce higher-order
oligomers with full-length, wild-type Vps4p were unsuccessful.434 Structure 17, 427–437, March 11, 2009 ª2009 Elsevier Ltd All rThe truncated complex was reported to form ‘‘fibers’’ under
cryo conditions which readily dissociate upon addition of
EDTA. Interestingly, we did not observe fibers of our full-length
Vps4p; however, we cannot rule out the possibility that the
N-terminally truncated construct or the sample conditions em-
ployed in these studies yield differing conformational arrange-
ments of the protein. Indeed, examples exist of AAA domain
ATPases that assemble into multiple oligomeric structures
(Botos et al., 2004; Miyata et al., 2000; Rohrwild et al., 1997;
Stahlberg et al., 1999). Alternatively, the reported difference in
symmetry between the smaller N-terminally truncated wild-
type Vps4p (C7 symmetry) and the full-length Vps4pE233Q
complex (C6 symmetry) may be explained by an ability to fit
one additional truncated Vps4 subunit into a stable seven-
membered ring. Importantly, both prior single-particle studies
of Vps4 rely purely on 2D image averaging analysis to ascertain
point symmetry. In this study, we have presented biophysical
data in the form of SEC/MALLS analysis, as well as independent
modeling, in addition to single-particle analysis and 2D image
analysis, to arrive at our final structure.
In addition, we present a different molecular arrangement of
Vps4pmonomers in our complex from those previously reported
and provide important new insights into the structural basis of
Vps4p oligomeric assembly. Our model fitting analysis indicates
a preferred tail-to-tail arrangement of the rings—suggesting
further that the structure presented in Hartmann et al. (2008), ex-
hibiting head-to-head crossring dimerization, reflects a different
packing arrangement. Comparatively, Yu et al. were only able to
model one hexameric ring into half of their density map, and
could not unambiguously predict the orientation of this ring at
the presented resolution (Yu et al., 2008).
The ‘‘cap’’ identified above the top ring in Yu et al. (2008)—and
attributed to the MIT domain—was observed in our complex in
early iterations using a smaller data set, but refined out of the
reconstruction in later iterations. However, when our data set
was increased to the current total of 8509 projection images,
the six densities beneath the pore of the lower ring emerged
(Figure 4B). It is interesting to note that the correspondingmolec-
ular mass of the cap in Yu et al. (2008) and of the disconnected
densities in our reconstruction is significantly less than that
which would correspond to six MIT domains. Difference
mapping aimed at localizing the MIT domain has also identified
putative densities at the periphery of the ring interface (Yu
et al., 2008), apparently consistent with an alternative location
of the MIT domain based on our subunit mapping. Nonetheless,
both our model and Yu et al. (2008) suggest that the MIT domain
does not occupy a single fixed position.
In summary, our 3D reconstruction resolves individual subdo-
mains of full-length Vps4 within its dodecameric complex and
explains the ATP-driven dual roles of Vps4 in both endosomal
sorting and enveloped virus budding. Specifically, Vps4 acts as
a key driving force in the membrane vesicle budding and fission
pathway (Figure 6). Assembly of a transient, dodecameric Vps4
complex relies on the interaction of Vps4 b domains with the
assembly factor Vta1p, intermolecular C helix pairing, and
ATP-driven ring assembly. In this regard ourmodel, to our knowl-
edge, provides the first structural insight into the role of the
C-terminal helix and b domains in Vps4 dimerization and oligo-
meric assembly. Subsequently, the functional complex is ableights reserved
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machinery from the membrane into the cytoplasm, during
budding, as a prerequisite for effective membrane fission.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
For EM studies, recombinant 63His-tagged Vps4pE233Q was expressed in
Escherichia coli BL21-CodonPlus(DE3)-RIL and purified on Ni2+-NTA agarose
as described previously (Vajjhala et al., 2008). The purified protein (Figure 1)
was incubated with 1 mM ATP for 16 hr at 4C to allow formation of the
ATP-bound oligomer. ForMALLS and SEC studies, the purification was essen-
tially the same, with the exception that the protein was purified in a buffer of
0.2 M potassium chloride, 10 mM magnesium chloride, 20 mM HEPES
(pH 7.5).
Size-Exclusion Chromatography and Multiangle Laser
Light Scattering
Vps4 complexes (200 mg) were separated on a Superdex 200 column (GE
Healthcare Life Sciences, Piscataway, NJ, USA) at a flow rate of 0.5 ml/min
using a running buffer of 0.2 M potassium chloride, 10 mM magnesium chlo-
ride, 20 mM HEPES (pH 7.5), ± 1 mM ATP. Light scattering of SEC eluates
was monitored using either a DAWN-HELEOS MALLS photometer (50 mW
solid-state laser operating at l = 658 nm; Wyatt Technologies, Santa Barbara,
CA, USA) or aminiDAWN triple-angle detector (Wyatt Technologies) combined
with an Optilab rEX or DSP refractive index detector (Wyatt Technologies).
MALLS data were processed using ASTRA software (Wyatt Technologies).
For molecular mass determination, the differential refractive index response
was used to determine protein concentration, assuming a specific refractive
index increment (dN/dC) value of 0.190 ml/g. Data were fitted to a first-order
Debye model, assuming a second viral coefficient of zero. Photodiode arrays
within the scattering detector were normalized using a 4 mg/ml solution of
bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA).
Electron Microscopy
Fourmicroliters of a 0.1mg/ml solution of purified 63His-Vps4pE233Q (preincu-
bated with 1 mM ATP) was applied to glow-discharged 400-mesh copper EM
grids coated with a thin continuous film of evaporated carbon. Specimens
were stained with an aqueous solution of 2% uranyl acetate (w/v). Single parti-
cles of 63His-Vps4pE233Q oligomer were imaged in a Tecnai F30 FEGTEM (FEI
Company, Eindhoven, The Netherlands) at a high-tension voltage of 300 kV
and nominal magnification of 59,0003. Images were recorded on a GATAN
4k 3 4k CCD camera (Gatan, Munich, Germany) under low-dose conditions
at a pixel size corresponding to 4.087 A˚ at the specimen level. One hundred
seventy digital micrographs were recorded at a defocus corresponding to
a contrast transfer function (CTF) first zero crossing of 1/12–1/16 A˚, and obvi-
ated the need for CTF correction at the model resolution. No significant drift or
astigmatism was observed. Approximately 16,000 particle projection images
were obtained by semiautomated particle selection using SwarmPS (Woolford
et al., 2007). From this data set, we stringently omitted a large number of parti-
cles with poor staining, poor contrast, and other defects, resulting in a ‘‘clean’’
data set of 8590 particles used for all subsequent image processing.
Image Processing
Symmetry evaluation and the calculation of nonbiased, reference-free class
averages were carried out in parallel using EMAN, XMIPP, and IMAGIC (Ludtke
et al., 1999; Sorzano et al., 2004; van Heel et al., 1996). Specifically, the raw
data set was analyzed initially by singular value decomposition and subse-
quent multivariate statistical analysis using the refine2d.py program in
EMAN (Chen et al., 2006) and, in an independent test, using clustering accord-
ing to rotational power spectra followed by classification and 2D alignment by
maximum likelihood in XMIPP (Scheres et al., 2005). Subsequent classifica-
tion, 3D reconstruction, and iterative structure refinement were performed
using EMAN (Ludtke et al., 1999). Several different starting models were
used in preliminary reconstructions to rule out the possibility that our recon-
struction became trapped in a falseminimum. The final reconstruction was ob-
tained by building a startingmodel from the reference-free class averages priorStructure 17, 42to stepwise structure refinement. Iterations were carried out at successively
finer angular sampling, with each step iterated to pseudoconvergence as
judged by Fourier shell correlation (Ludtke et al., 2001). Within each angular
sampling step, the number of rounds of ‘‘iterative class averaging’’ was also
decreased in a stepwise fashion, to minimize model bias in early rounds of
refinement and blurring of model features in later rounds (Ludtke et al.,
2004). The usefilt option in EMAN’s refine routine allowed two analogous
data sets to be used: one band pass filtered to 20 and 200 A˚ for the classifica-
tion and alignment routines, and a second unfiltered data set for the 3D recon-
struction.
A stable, C6-symmetrized model was obtained from an initial data set of
3500 particles. We then fitted 12 copies of our Vps4pDMIT homology model
(described below) into the density envelope of the complex. The atomic coor-
dinates of the 12-subunit assembly were converted to an electron density map
sampled at 20 A˚ resolution. This was then used as a starting model for a final
round of iterative refinement with the complete particle data set. As a quality
control, we regularly inspected the agreement between single particles, class
averages, and reprojections of the model.
Molecular Modeling
An atomic model of the Vps4p monomer was built by homology modeling with
the ORCHESTRAR software package within SYBYL 7.3 (Tripos, St. Louis, MO,
USA). Human Vps4B (PDB ID code 1XWI) was used as a template structure.
The N-terminal 123 amino acids, encompassing the MIT domain of Vps4p,
could not be modeled due to poor electron density in the template. An initial
model for Vps4pDMIT (amino acids 124–437) was built based on sequence
alignment of Vps4p to the Vps4B template. Side chains were built using the
most conservative ‘‘full borrowing/full restrictions’’ option, following which
protons and charges were added. Themodel was then energyminimized using
the AMBER7 FF99 force field as implemented in SYBYL 7.3. Partial charges
were as defined in AMBER7 FF99, nonbonding interactions were scaled with
a 10 A˚ distance cutoff, and a dielectric constant of 4.0 was used. Minimization
was run for 10,000 steps or until a convergence criterion of 0.05 kcal/mol.A˚
was reached. The final model was checked for steric clashes and unsatisfac-
tory peptide bond lengths, Ca/Ca distances, and 4/c angles. Model fitting and
visualization of EM electron density maps were carried out using the UCSF
Chimera package (Pettersen et al., 2004).
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